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Introduction {#cesec10}
============

Few dispute that eliminating malaria where technically and operationally feasible is a worthy goal.[@bib1] At the same time, many argue that elimination will need substantial additional resources to avert the last few cases and deaths, making this strategy a less efficient means of use of limited health resources than other strategies.[@bib2] Yet, others contend that elimination is an attractive investment because of its ability to pay for itself through future cost reductions and to generate substantial non-health benefits.[@bib3]

So far, this debate has relied largely on anecdotal evidence on the costs and benefits of elimination and on few analyses that were done for the Global Malaria Eradication Program (GMEP) four decades ago.[@bib4] Countries currently considering elimination, however, face a different reality. For example, countries must now pursue elimination without the support of a global eradication campaign, and thus have to plan for recurring expenditure to manage the continual importation of new cases from neighbouring countries.[@bib5] Since this new reality has substantial implications for finite domestic and international financing, there is urgent need to assemble robust cost data to enable policy makers to make evidence-based judgments about whether and how to pursue elimination. In the long term, the total benefits of elimination will likely outweigh its costs, in addition to contributing to the massive global benefit of eradication. The decision facing policy makers, however, is how to best allocate limited resources in the short term.

Several essential questions about the short-term and medium-term returns of elimination should therefore be immediately pursued, including: what are the total costs of achieving and of sustaining elimination? What additional benefits does elimination generate? And how do these costs and benefits compare with the alternative---a strategy of achieving and maintaining a state of controlled low-endemic malaria, at which it is no longer a major public health problem?[@bib6] If policy makers decide to pursue elimination, many countries will face an additional question: how can an elimination programme be sufficiently and sustainably financed in view of political and economic realities that are constraining growth in health financing and shifting attention away from disease-specific investments?

Key messages•Comprehensive cost--benefit analysis is important to establish whether and how to pursue malaria elimination. To be relevant to policy makers, this analysis should compare elimination with an alternative of effective malaria control.•Although there is little information about the marginal costs of elimination and substantial variation between different contexts, data indicate that the cost of achieving elimination will be substantially greater than the cost of control.•Case studies in five diverse sites show that the potential for elimination to save money in the medium term varies by context. However, the low probability of cumulative cost-savings in these case studies suggests that this metric should not be the main rationale for the pursuit of elimination.•Absence of cumulative cost-savings does not mean that elimination is an unattractive investment, since total benefits might still outweigh costs. Indirect benefits were not calculated in the case studies, but cumulative costs were often modestly higher than control so marginal benefits would also only need to be modest for elimination to achieve a positive cost--benefit ratio.•Successful achievement and maintenance of local elimination in the absence of a global eradication campaign will need a paradigm shift in malaria financing. Malaria will need to be viewed as a recurring investment similar to routine immunisation.•Our findings draw attention to the urgency of undertaking additional robust analyses on the economics of elimination in different contexts, with particular emphasis on quantification of potential benefits.

We seek to establish a conceptual approach and an initial empirical base from which to address these questions. We begin with a framework to assess the economic attractiveness of malaria elimination. After reviewing evidence about elimination costs and benefits, we undertake case studies of several countries to explore a central component of that framework---whether the direct cost savings of elimination will offset initial investment costs. We conclude by identifying financial threats and corresponding imperatives facing malaria-eliminating countries and by proposing priorities for additional future research.

Economics of malaria elimination: a conceptual framework {#cesec20}
========================================================

Methods to assess the comparative value of investing in different health interventions are well established, if imperfect.[@bib7] These methods---cost-effectiveness analysis and cost--benefit analysis---have been commonly used to assess malaria control, and extensive published work about their effective execution exists.[@bib8] Elimination, however, has several unique attributes that warrant adaptations of standard methods to generate results most relevant to policy.

There are several overarching principles that are central to any economic analysis of elimination. First, and most importantly, is the definition of the alternative to elimination. WHO recommends a null state of disease without intervention as the alternative.[@bib9] In practice, most health-economic analyses use a loosely defined status quo, which varies substantially between countries. Such is the case for much of the microeconomic and macroeconomic analyses of malaria interventions so far.[@bib7]

A null-state alternative can provide important information about the total value of a malaria programme. This information is particularly useful for policy makers to understand the benefits of continued investment in malaria, even when the disease is greatly reduced or absent. However, the main choice facing countries is between elimination and controlled low-endemic malaria, not a retraction of existing interventions or acceptance of partial, suboptimum control (ie, often the status quo).[@bib10] As such, the most policy-relevant alternative for economic analysis of elimination is controlled low-endemic malaria. Although seemingly intuitive, this approach is not always used in the existing analysis of elimination and eradication. For example, many of the cost--benefit analyses of efforts to eradicate other infectious diseases have used a complete absence of control as the alternative to eradication.[@bib11; @bib12; @bib13]

A second imperative of elimination analysis is the inclusion of postelimination costs. During the GMEP, the expectation was that malaria-related expenditure would stop after elimination.[@bib14] However, most successful countries needed to continually invest in surveillance and other interventions.[@bib15] Thus, the inclusion of a robust estimate of postelimination interventions in all costing analyses, taking into consideration the potential sharing of costs with other disease programmes, is important.

Lastly, the supranational implications of elimination should be considered. As a country approaches and reaches elimination, its neighbours---and many other countries---benefit from reduced importation of malaria and the corresponding reduction in the risk of outbreaks. These spillover benefits should be incorporated into a complete economic evaluation of elimination.

Cost-effectiveness analysis, which calculates the amount of funding an intervention needs to prevent loss of a standard unit of disease burden, is the most commonly used approach to compare the economic attractiveness of health programmes.[@bib8] Both cost-effectiveness analysis and the related cost-minimisation analysis have important parts to play within an elimination context by identifying the optimum level of intervention needed to achieve controlled low-endemic malaria and elimination and prevent reintroduction once malaria-free status is achieved. These analyses are essential for robust economic assessments of elimination and are valuable programme planning interventions.

Cost-effectiveness analysis, however, is likely to be incapable of adequately informing the ultimate choice between elimination and controlled low-endemic malaria. Elimination has been justified on the basis of more than health outcomes---the threats of insecticide resistance and the instability of international malaria funding were the central impetus for the GMEP[@bib16]---and recent arguments for elimination have focused on the effect on economic growth and international externalities.[@bib17; @bib18] Moreover, policy makers often place substantial value on outcomes beyond efficiency in prioritisation of the allocation of health resources;[@bib19; @bib20] thus cost--benefit analysis, which enables broader benefits to be translated into a common monetary metric, is a more effective means to inform strategic decisions regarding potential elimination strategies.

Considerable, if arguably insufficient, analysis has been done to investigate the costs and benefits of malaria control, and has shown it to be among the most attractive applications of global social investment.[@bib7; @bib21; @bib22] However, no comprehensive cost--benefit analysis has been completed for malaria elimination using an alternative of controlled low-endemic malaria.[@bib4] Analyses of programmes to eliminate or eradicate other infectious diseases have consistently reported that benefits outweigh costs, but these analyses cannot be directly applied to malaria.[@bib23]

Effective cost--benefit analysis of elimination will need alternative approaches to assess benefits. Cost--benefit analysis usually focuses on benefits that are closely linked to the health effects of the programme, including reduced public and private expenditure (direct) and increased productivity and educational attainment (indirect).[@bib7] These benefits will always be modest for elimination---the main effect on educational attainment, for example, will result from the achievements of the baseline control programme. Elimination might, however, increase the equity of these benefits. The poorest and most vulnerable members of a society are typically the last to benefit from public services such as malaria control and will thus be the primary beneficiaries of an elimination campaign.[@bib24] As such, for societies that prioritise distribution in addition to efficiency of health outcomes, equity should be appropriately incorporated into cost--benefit analyses of elimination.[@bib25; @bib26; @bib27]

The economic attractiveness of elimination will often depend on two additional classes of benefits: financial and threshold. Financial benefits might be realised if recurring costs fall sufficiently after elimination so that the cumulative cost of the programme is lower than that of controlled low-endemic malaria over the medium-to-long term. In this event, the elimination programme will pay for itself and its benefits will always exceed its costs. Accordingly, this financial analysis is a central component of the economic evaluation of elimination, although not the primary metric, as Mills and colleagues[@bib4] have suggested.

Many of the supposed benefits of elimination are only realised once the absolute threshold of malaria-free status is achieved.[@bib18] A common argument is that elimination will generate substantial additional economic activity by creation of an environment conducive to direct foreign investment and tourism, among other advantages. Since there is only modest risk of malaria at the baseline state, this argument relies on the assumption that companies and individuals will perceive a disproportionate difference between controlled low-endemic malaria and elimination. Maartens and colleagues[@bib28] reported that tourists\' perceptions of risk were highly unresponsive to actual changes in malaria transmission in an area of South Africa. This finding is consistent with published work on divergences between actual and perceived risk of infectious disease and their effect on economic behaviour;[@bib29; @bib30] however, the existence and magnitude of this effect for malaria elimination has never been studied.

Several other costs and benefits should ideally be included in a comprehensive cost--benefit analysis of elimination, but they are considerably more difficult to quantify. These factors include the potential increase in public confidence in government services and international recognition generated by successful elimination of a tenacious disease.[@bib10] Elimination could also strengthen components of the health system as occurred in the USA through the creation of the Centers for Disease Control and Prevention,[@bib31] although others contend that the GMEP undermined surveillance and other systems.[@bib32]

Conversely, substantial political will, domestic and potentially international, will be needed to achieve elimination. Lines and colleagues[@bib1] suggest that the risk and consequences of failing to eliminate (eg, resurgence resulting from disillusionment with the programme) should be a prominent factor in elimination decisions and related analyses. However, this approach would affect the cost--benefit ratio of elimination only if the risks posed by elimination are greater than those of controlled low-endemic malaria; there is no evidence to suggest this would be the case.[@bib33]

Overall, the decision whether or not to pursue elimination is best informed by a comprehensive cost--benefit analysis that compares the potential net benefits of elimination with those of continued controlled low-endemic malaria. Such an exercise should begin with cost-minimisation analysis---which is largely absent despite the volume of resources invested in malaria---to establish the optimum package of interventions with which to achieve both controlled low-endemic malaria and elimination. Ultimately, the economic attractiveness of elimination will rely on financial and threshold non-health benefits, including those yielded by other countries. Robust quantification of those benefits will be complex and time consuming, suggesting that other methods such as cost-effectiveness analysis should be used in the short term. However, in view of the shortcomings of those methods and the informal judgments that drive elimination-related decisions, even a partial application of this cost--benefit analysis framework could produce improvements in debate and decision making.[@bib34]

Marginal cost of elimination {#cesec30}
============================

Methods {#cesec40}
-------

Evidence for the potential benefits of elimination is insufficient to meaningfully undertake a full cost--benefit analysis. However, sufficient data exist to enable the partial application of the framework through the quantification of marginal costs and potential cost-savings. Financial comparison alone cannot establish the total value of an elimination programme since, by definition, it excludes the other marginal benefits of an elimination programme. However, it can be a useful interim guide for policy making and a foundation for further research. If elimination is cost saving, and financial benefits alone exceed costs, policy makers should be comfortable pursuing an elimination programme without quantifying additional benefits. If elimination is not cost saving, then gathering the evidence needed to calculate potential additional benefits becomes a priority.

To examine the financial benefits of elimination, we conducted a review of published works and created and analysed datasets from present elimination programmes. To develop the new datasets, relevant institutions and researchers were contacted in 16 countries that are pursuing or that recently achieved elimination. Inclusion criteria included full yearly data from at least two of the key programme phases, sufficient detail to establish costs by intervention, and availability of detailed epidemiological and programmatic information (eg, malaria incidence and intervention coverage) to place costs in context.

Data were identified from eight countries, four of which met the inclusion criteria for this analysis: China (the provinces of Hainan and Jiangsu), Mauritius, Swaziland, and Tanzania (the islands of Zanzibar). [Table 1](#tbl1){ref-type="table"} presents key contextual indicators for these five sites, with additional information about the malaria programmes in each site included in the [webappendix](#sec1){ref-type="sec"}.[@bib33] Costing data were obtained from a variety of sources in each country, including national health accounts, donor proposals, and informant interviews ([webappendix pp 17, 27](#sec1){ref-type="sec"}). Type of data varied accordingly between country and programme phase, falling into three categories: actual expenditure from preceding years; prospective budgets based on expert opinion or recent experience within the country; and prospective budgets derived from mathematical models. For budgetary sources, prospective programmes were reviewed in detail and compared with international guidance and evidence about the technical requirements needed for elimination.

For all countries, only provider (ie, the government-led programme) and malaria-specific (ie, excluding general health-system resources) costs were included in the final dataset. Costs in each country were grouped into standardised intervention and expenditure categories ([webappendix pp 2--4](#sec1){ref-type="sec"}). For items used partly for non-malaria activities or for several interventions, the cost was apportioned among activities on the basis of the judgments of local staff. All equipment and durable commodities were costed using straight-line depreciation, and all costs were converted into 2008 US dollars with appropriate deflators and exchange rates.

To calculate the potential financial benefits of elimination, robust costing data are needed for three phases of a malaria programme: the baseline of controlled low-endemic malaria, the interruption of transmission (or elimination phase), and the postelimination (or prevention-of-reintroduction phase).[@bib43] We assigned each year of data available for each site to one of the three phases. All years after a site began to implement programmatic changes for elimination were included in the elimination phase, with the phase of prevention of reintroduction beginning the year after the end of local transmission. All other years were included in the controlled low-endemic malaria phase.[@bib10]

On the basis of WHO guidance and modelling outputs, 10 years was assumed to be the time needed to reach elimination (excluding Mauritius, where elimination was actually achieved in 8 years).[@bib33; @bib43] When data were not available for this entire period, missing costs (typically for the final 5 years) were extrapolated from available data by inflation of relevant interventions by population growth. A further 15 years of postelimination intervention was then assumed, and this entire 25-year period---a length of time relevant to policy makers and commonly used in cost--benefit analyses of eradication[@bib44]---was compared with the same number of years of controlled low-endemic malaria by adjustment for population growth. Cumulative costs were discounted at a standard rate of 3%.

None of the case-study sites had data for all three programme phases. As a result, missing phases were extrapolated from available data. For the Chinese provinces of Hainan and Jiangsu, programmes for prevention of reintroduction were assumed to be equivalent to those in three other provinces (Hebei, Fujian, and Shanxi) that have been successful in maintaining malaria-free status ([webappendix pp 18, 19](#sec1){ref-type="sec"}). A yearly average cost of prevention of reintroduction per head at-risk was calculated from the detailed expenditure data for these provinces and applied to the relevant years for Hainan and Jiangsu. For Zanzibar, the costs of the prevention-of-reintroduction phase were derived from the results of mathematical modelling, as described by Cohen and colleagues.[@bib33] We assumed that Swaziland would be able to withdraw prevention interventions but would have to keep other costs constant. Lastly, the cost of controlled low-endemic malaria in Mauritius was estimated on the basis of the increases between control and elimination for 20 countries with relevant data reported by Kaser.[@bib45]

To assess the robustness of conclusions to these assumptions, we did minimum-to-maximum sensitivity analyses on all major assumptions for both controlled low-endemic malaria and elimination by varying yearly costs by intervention category, time to elimination, cost of prevention of reintroduction, discount rate, and period of analysis to the smallest and largest values deemed realistic ([webappendix pp 5--7](#sec1){ref-type="sec"}).[@bib46] We also did probabilistic analysis by examining the 95% certainty intervals from 50 000 Monte Carlo simulations for each site using triangular distributions for all assumptions.[@bib47; @bib48] For these simulations, potential permutations of costs for controlled low-endemic malaria, elimination, and prevention-of-reintroduction phases were calculated repeatedly by randomly drawing values from distributions around each assumption.

Results {#cesec50}
=======

Existing evidence {#cesec60}
-----------------

Findings from published work showed few, and no contemporary, evidence for elimination costs. Several studies examined the costs of elimination programmes during the GMEP in few individual countries.[@bib49; @bib50] The most comprehensive source of costs from this period examined the 5-year expenditures of most countries participating in the GMEP ([table 2](#tbl2){ref-type="table"}). These analyses indicate substantial variation in the per head cost of elimination, even in countries within the same region and with similar populations. However, since these studies do not describe the programme components or the epidemiological context, what contributed to these vast differences in costs is unclear. Data from this era are, therefore, of only modest use for present programme planning in view of the substantial evolution in interventions and strategies.

Similarly, comparisons between the costs of control and elimination are scarce. Mills and colleagues[@bib4] identified only two studies that explicitly investigate this comparison. Cohn[@bib51] concluded that a time-limited elimination campaign in India would have a greater net cost than would ongoing control, whereas Ruberu and colleagues (unpublished) reported the opposite for Sri Lanka.

Data presented by Kaser[@bib45] provide further, although still inadequate, insight into this financial comparison. With the exception of countries in Latin America and the Caribbean, there was a substantial median increase in costs between control and elimination. None of these studies, however, are capable of assessing the potential financial benefits of elimination, since they do not include postelimination expenditure.

Lastly, we identified a range of studies purporting to examine the benefits of elimination.[@bib52; @bib53; @bib54; @bib55] Most of these analyses conclude that elimination programmes generated sizeable economic benefits, with some reporting that benefits substantially exceeded costs.[@bib17] However, all the studies use an absence of control as the baseline and are therefore not capable of informing the questions relevant to policy makers.

Case studies {#cesec70}
------------

[Table 3](#tbl3){ref-type="table"} presents the average total and per head yearly costs for the available programme phases in each site. Yearly controlled low-endemic malaria costs per head at risk varied greatly between sites, because the programmes differed in their intensity and interventions.[@bib4; @bib45] Average costs for elimination are substantially higher than for controlled low-endemic malaria in China, Mauritius, and Swaziland, with increases from 91% to 182% between the phases, but only modestly increased (30%) in Tanzania (Zanzibar). Sensitivity analysis suggests that elimination would be more expensive than would controlled low-endemic malaria under all combinations of assumptions, apart from in Mauritius and Tanzania (Zanzibar; [figure 1](#fig1){ref-type="fig"}).

The composition of each site\'s programme shows the drivers of the wide variation in cost increases ([table 4](#tbl4){ref-type="table"}). The site with the smallest change, Tanzania (Zanzibar), had already incorporated the prevention activities needed for elimination into its controlled low-endemic malaria programme, wheras the Chinese provinces and Swaziland had achieved controlled low-endemic malaria objectives with more modest interventions. Most expenditure in the Chinese provinces and Mauritius was on personnel for both controlled low-endemic malaria and elimination, whereas consumables were the largest cost category in Swaziland and Tanzania (Zanzibar; [webappendix p 31](#sec1){ref-type="sec"}).

[Figure 2](#fig2){ref-type="fig"} shows the actual (Mauritius) and assumed (other sites) average yearly cost of prevention of reintroduction compared with an equivalent period of controlled low-endemic malaria. Postelimination reductions were estimated to generate yearly savings in the Chinese provinces and in Tanzania (Zanzibar), whereas yearly expenditures for prevention of reintroduction in Mauritius and Swaziland did not fall below controlled low-endemic malaria in the base case. However, the sensitivity analysis showed that these findings were not robust against different combinations of assumptions in any of the sites, including Swaziland and Tanzania (Zanzibar), where the greatest differences between controlled low-endemic malaria and elimination were reported.

[Figure 3](#fig3){ref-type="fig"} presents the results of the analysis of the net-present value of the costs of elimination relative to controlled low-endemic malaria in each site. Elimination is not expected to be cumulatively cost-saving in China, Mauritius, and Swaziland over the full 50-year period, with the total cost of elimination ranging from 25% (China \[Jiangsu\] and Mauritius) to 133% (Swaziland) greater than controlled low-endemic malaria on average. By contrast, cumulative elimination costs in Tanzania (Zanzibar) were modestly lower than controlled low-endemic malaria in both the 25-year and 50-year periods.

The minimum-to-maximum sensitivity analysis resulted in a wide range of possible values for both controlled low-endemic malaria and elimination, qualitatively changing core findings in all sites. However, the probabilistic analysis indicated that the likely range of values will be much more narrow. The probability that elimination would be cost-saving is small in China (Hainan \[0·2%\] and Jiangsu \[0·1%\]) and absent in Swaziland over the full 50-year period. Mauritius had higher, although still modest, probabilities of 5·3% over 25 years and 9·6% over 50 years, whereas Tanzania (Zanzibar) had the greatest chance of cost-savings of 10·0% and 42·0%, respectively. Removing the discount rate did not qualitatively change findings over a 25-year period, but resulted in elimination costs falling modestly below controlled low-endemic malaria in China (Hainan \[19%\] and Jiangsu \[11%\]) over 50 years. The time to elimination, cost of prevention of reintroduction, and cost of prevention interventions accounted for most of the variation in the majority of sites, with the assumed cost of controlled low-endemic malaria responsible for most of the variation in Mauritius ([webappendix pp 7, 8](#sec1){ref-type="sec"}).

Financial feasibility of elimination {#cesec80}
====================================

This analysis shows that achieving and sustaining elimination will need substantial funding, and that some countries will need intensive support from the international community to achieve that goal. Consistently securing sufficient financing will be a challenge for many countries. Health programmes in developing countries are constantly disrupted by donor unpredictability.[@bib56] And financial volatility is not unique to foreign donors: national governments, including those of the USA and other industrialised countries, cause financial volatility that jeopardise the success of domestic health programmes.[@bib57; @bib58; @bib59]

Financial unpredictability might be especially acute for elimination programmes. Donors are increasingly results driven, seeking concrete and compelling effects from their investment. As a result, elimination programmes, ironically, might be victims of their own success, with donors shifting funds to programmes with seemingly greater potential effects as malaria cases approach zero. Moreover, the long-term nature of elimination programmes contrasts with governments\' and donors\' typical short-term funding cycles and goals. The implications of this unpredictability are similarly severe; experience has shown that disruptions in financing can lead to rapid resurgence in malaria.[@bib60]

The success of elimination in many countries will thus be contingent on mitigation of the risk of unpredictable financing, which will need a paradigm shift in the way that malaria funding is considered and allocated. Instead of a "quick win" solution that warrants rapid scale-up and implies the ability for subsequent withdrawal,[@bib61] malaria interventions will need to be viewed as a continuous expenditure even when the disease is absent, such as with routine immunisation, until global eradication is achieved. Quantification of the health and economic benefits of continuing spending can ease that shift. For wealthier countries, policy makers\' understanding of that new paradigm might be sufficient to ensure sustained financing, although even the USA uses alternative financing methods to hedge against political risk for its own priority health issues.[@bib62; @bib63]

Poorer countries, however, will probably need additional solutions to protect against donor volatility. Mechanisms to increase the sustainability of health and development aid have been frequently debated, but have led to marginal improvements at best.[@bib64] As such, instead of seeking a universal solution, the global malaria community will need to help countries to identify pragmatic approaches through a mix of long-term donor commitments, increased national contributions, and targeted innovative mechanisms. Increased emphasis on the regional and global benefits of elimination might also provide a partial solution, by securing sustained support from countries with a direct self-interest in the success of the malaria-eliminating country (ie, by reducing malaria importation).

In the end, however, there is no substitute for sustained political will in ensuring financial sustainability. Apart from in the poorest countries, governments that are truly committed to elimination can find the necessary resources. Countries such as Lebanon and Taiwan were poorer than many current malaria-eliminating countries at the time when they achieved elimination, but have successfully maintained malaria-free status after the withdrawal of donor support.[@bib10; @bib50; @bib65] Thus, financial feasibility is, in effect, political feasibility. As a result, the final crucial step in the assessment of elimination is for a government, with use of rigorous and clear assessment of the expected costs, benefits, and timelines, to establish whether they are prepared to take the often oneorous steps to achieve and sustain that goal. With more poor countries exploring elimination, the international community should also now make the same judgment.

Conclusions {#cesec90}
===========

Overall, this analysis indicates that the initial investment needed to achieve elimination varies greatly between countries and contexts, but is greater than the cost of control. Although the case studies find similar wide variation in the cumulative costs of elimination and controlled low-endemic malaria, they suggest that policy makers should not view the generation of substantial short-term or medium-term cost-savings as a rationale for elimination until more robust evidence is available to suggest otherwise. These findings do not mean that elimination is a poor investment. A complete economic assessment of elimination includes a range of additional benefits that are not quantified here.[@bib66] In view of the dearth of evidence for these benefits, to conclude whether the total cost--benefit ratio would be negative or positive is not possible at present, even in a setting with high comparative costs---such as Swaziland. Where the total cost of elimination is modestly higher than controlled low-endemic malaria (China and Mauritius), additional benefits would need to be similarly modest to produce a positive cost--benefit ratio.

The low probability of elimination generating cost-savings in most of the case studies is driven mainly by two basic factors: discounting of future costs and the initial increased cost of elimination. In the Chinese provinces, the assumed reduction in postelimination expenditures results in substantial yearly savings compared with controlled low-endemic malaria. However, discounting diminishes the value of those savings, preventing them from fully offsetting the initial increased investments to reach elimination. Tanzania (Zanzibar) has similar yearly postelimination cost reductions as the Chinese provinces, but is the only site to produce cumulative savings despite discounting. This difference is caused by the substantially lower increase between controlled low-endemic malaria and the initial elimination investment in Tanzania (Zanzibar); many of the estimated elimination requirements are already incorporated into its controlled low-endemic malaria programme, whereas the Chinese provinces and Swaziland need to make major new investments in several interventions. The probability of cost-savings was less sensitive to the time needed to achieve elimination than other factors, such as the cost of prevention, as a result of the large range of possible values assumed for those factors and the short duration (6--14 years) of the assumed elimination phase.

Wide variations in epidemiological and economic context probably explain much of the difference in controlled low-endemic malaria and elimination costs. Tanzania (Zanzibar), with its high transmission potential and weak health system, has had to implement extensive interventions to achieve controlled low-endemic malaria, whereas China (Jiangsu) has done so without any vector control ([webappendix p 32](#sec1){ref-type="sec"}).[@bib67] Conversely, China (Jiangsu) must address the more tenacious *Plasmodium vivax* parasite whereas Tanzania\'s (Zanzibar) burden is predominantly *Plasmodium falciparum*, which could have substantial cost implications during the elimination phase. Variable programme efficiency might also contribute to differences in costs between sites and phases---some costs are derived from donor budgets, which experience suggests differ greatly from actual need and expenditure. This variability draws attention to the importance of establishing the optimum amount of expenditure for both controlled low-endemic malaria and elimination; that is, the cost of the minimum package of interventions needed to achieve these states, as opposed to the cost of a programme that generally seeks to maximise scale-up of all interventions. Such comprehensive cost-minimisation analysis is challenging but feasible and is critical to enabling accurate assessment of the economics of elimination.[@bib68]

Although the public health community is focused on comparative cost--benefit ratios, the main metric of interest for most local policy makers is affordability. Here too, the case studies show substantial diversity. The investments needed to achieve elimination will account for a small proportion of public expenditure on health in the Chinese provinces, which, along with confirmation of technical feasibility, is probably the main driver of the government\'s recent decision to pursue elimination in those areas.[@bib69] By contrast, Tanzania (Zanzibar) will need to allocate nearly a fifth of estimated public health resources, whereas Swaziland will need to consider increased malaria spending in the context of its massive HIV/AIDS burden. Malaria financing in these sites, however, is mainly provided by external sources, indicating that the questions of whether and how to make the tradeoffs required to pursue elimination will need to be answered by international donors in addition to national governments.

Substantial caution should be used when interpreting case-study results. The programmes we examined are not optimised to achieve elimination, and whether or not they will be sufficient to interrupt malaria transmission (with the exception of Mauritius) is unknown. We also excluded costs borne by the general health system and individuals, which might vary between controlled low-endemic malaria and elimination, and do not consider potential sharing of costs (eg, surveillance) between malaria and other disease programmes. Lastly, we do not assume any changes in costs as a result of external factors despite the long period of analysis. Key factors that could decrease ongoing costs include reduced transmission potential (eg, through economic development), lower importation of parasites from neighbouring countries, and integration of the malaria programme into the health system, whereas those that could increase costs include development of drug or insecticide resistance. However, only changes in importation will differentially affect controlled low-endemic malaria and elimination costs.

Great care should also be used in extrapolation of findings to other countries since these sites, which include one of the world\'s largest economies and several islands, are not representative of most malaria-endemic countries, and our findings show that the costs of control and elimination programmes vary greatly between countries because of a range of factors. Nevertheless, these case studies represent the only such examination of the potential cost-savings of elimination so far and can serve as an interim guide for countries until they are able to undertake robust economic analyses in their local context. Above all, our results accentuate the urgency for thorough research into the additional benefits of elimination. With elimination unlikely to be warranted on its financial returns alone, full cost--benefit analysis is essential to guide relevant policy decisions. For such robust analyses to be possible, the massive gap in empirical evidence must be closed by pursuit of specific research priorities ([panel](#box1){ref-type="boxed-text"}).

Web Extra Material {#sec1}
==================

Supplementary webappendix
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Red triangles represent the most likely cost for elimination and controlled low-endemic malaria (CLM), assuming elimination needs 10 years (8 years in Mauritius) and costs are not discounted. Red lines extend vertically to the minimum and maximum costs obtained from sensitivity analysis of elimination costs and horizontally to those for controlled low-endemic malaria, such that all points within the blue box represent potential financial comparisons between the two strategies. The shaded square represents costs that fall within 95% CIs derived from probabilistic simulation. The 45° dotted line shows equal costs for elimination and controlled low-endemic malaria, so that points above that line indicate elimination costs greater than controlled low-endemic malaria and points below indicate elimination costs less than controlled low-endemic malaria. If the entirety of the blue box is above the dotted line, elimination was not identified as less expensive than control in sensitivity analysis.](gr1){#fig1}

![Comparison of average yearly cost of prevention of reintroduction with controlled low-endemic malaria per head at risk in five case studies, with sensitivity analysis\
Red triangles represent the most likely cost for prevention of reintroduction (POR) and controlled low-endemic malaria (CLM), assuming prevention of reintroduction is maintained for 10 years and costs are not discounted. Red lines extend vertically to the minimum and maximum costs obtained from sensitivity analysis of prevention-of-reintroduction costs and horizontally to those for controlled low-endemic malaria, such that all points within the blue box represent potential financial comparisons between the two strategies. The shaded square represents costs that fall within 95% CIs derived from probabilistic simulation. The 45° dotted line shows equal costs for prevention of reintroduction and controlled low-endemic malaria, so that points above that line indicate prevention-of-reintroduction costs greater than controlled low-endemic malaria and points below indicate prevention-of-reintroduction costs less than controlled low-endemic malaria. If a blue box crosses the dotted line, prevention of reintroduction was less expensive than controlled low-endemic malaria under certain combinations of assumptions.](gr2){#fig2}

![Comparison of present value of elimination with controlled low-endemic malaria per head at a risk over 25 years (A) and 50 years (B) in five case studies, with sensitivity analysis\
Red triangles represent the most likely cost for elimination and controlled low-endemic malaria (CLM), assuming a 3% discount rate. Red lines extend vertically to the minimum and maximum costs obtained from sensitivity analysis of elimination costs and horizontally to those for controlled low-endemic malaria, such that all points within the blue box represent potential financial comparisons between the two strategies. The shaded square represents costs that fall within 95% CIs derived from probabilistic simulation. The 45° dotted line shows equal costs for elimination and controlled low-endemic malaria, so that points above that line indicate elimination costs greater than controlled low-endemic malaria and points below indicate elimination costs less than controlled low-endemic malaria. If a blue box crosses the dotted line, elimination was cumulatively less expensive than controlled low-endemic malaria under specific combinations of assumptions.](gr3){#fig3}

###### 

Contextual characteristics of case study focus sites

                                       **Population (thouands)**[@bib35]   **Estimated population at risk (thousands)**[@bib36; @bib37]   **GDP per head (US\$)**[@bib38; @bib39]   **Total annual government health expenditure per head (US\$; 2006)**[@bib40]   ***Plasmodium falciparum* inherent transmission risk (R~0~)**[@bib36]   **Antenatal-care coverage (2007 %)**[@bib41]   **EPI coverage (2007 %)**[@bib42]
  ------------------------------------ ----------------------------------- -------------------------------------------------------------- ----------------------------------------- ------------------------------------------------------------------------------ ----------------------------------------------------------------------- ---------------------------------------------- -----------------------------------
  China (Hainan)                       8640                                8440                                                           2802                                      53                                                                             ..                                                                      90·9%                                          96·7%
  China (Jiangsu)                      77 245                              58 120                                                         6467                                      123                                                                            ..                                                                      90·9%                                          96·7%
  Mauritius---elimination (1983--88)   1021                                1021                                                           2289                                      ..                                                                             ..                                                                      ..                                             ..
  Mauritius---present (2009)           1286                                1286                                                           7146                                      157                                                                            ..                                                                      ..                                             97·3%
  Swaziland                            1186                                228                                                            2854                                      114                                                                            1·6                                                                     84·8%                                          95·0%
  Tanzania (Zanzibar)                  1221                                1221                                                           496                                       18                                                                             18·8                                                                    75·8%                                          87·0%

All indicators are for 2009 except where noted. China and Tanzania indicators are shown for relevant subnational units except antenatal and EPI coverage. ..=data not available. GDP=gross domestic product. EPI=Expanded Program on Immunisation.

###### 

Per head expenditure on control and elimination by country, 1956--61

                                 **Control (1956)**   **Elimination (1957--61)**   **Median increase (%)**                                                      
  ------------------------------ -------------------- ---------------------------- ------------------------- ------ ------ ---- ---- ------------ ------ ------ ------
  Central and south Asia         3                    0                            0·03--0·30                0·19   0·25   4    0    0·25--1·02   0·52   0·41   96%
  East Asia and Pacific          6                    0                            0·08--1·01                0·35   0·24   9    1    0·09--2·74   0·63   0·27   58%
  Europe                         3                    3                            0·01--1·46                0·50   0·03   4    4    0·04--0·69   0·23   0·09   256%
  Latin America and Caribbean    7                    3                            0·13--2·49                1·19   1·16   15   4    0·07--4·78   1·57   1·16   −11%
  Middle East and north Africa   10                   5                            0·02--1·78                0·39   0·22   14   5    0·06--2·33   0·89   0·70   154%
  Sub-Saharan Africa             4                    0                            0·03--0·95                0·31   0·14   4    0    0·07--2·30   0·83   0·48   249%
  Total                          33                   11                           0·02--2·49                0·55   0·25   50   14   0·04--2·74   0·81   0·54   87%

Median increase compares only countries for which cost data were available for both programme phases. Countries were considered to have successfully eliminated malaria if they received WHO certification within 10 years of these data. Adapted from Kaser[@bib45] and converted to 2008 US\$.

###### 

Mean yearly costs and relative financing of malaria programme by phase (in 2008 US\$)

                                                     **Data type**   **Years**   **Average annual costs (US\$ thousands)**   **Average annual per head costs (US\$)**   **Average annual per head (at risk) costs (US\$)**   **% of public expenditure on health**   **% of malaria programme externally financed**
  ------------------------------ ------------------- --------------- ----------- ------------------------------------------- ------------------------------------------ ---------------------------------------------------- --------------------------------------- ------------------------------------------------
  **China (Hainan)**                                                                                                                                                                                                                                                 
  CLM                            Actual              2007--09        1632        0·19                                        0·20                                       0·4%                                                 45%                                     
  Elimination                    Budget (planned)    2010--14        4366        0·50                                        0·51                                       1%                                                   36%                                     
                                 Change (%)          NA              NA          168%                                        159%                                       159%                                                 0·6%                                    −8%
  Prevention of reintroduction   Modelled            2020--29        1106        0·12                                        0·12                                       NA                                                   NA                                      
                                 Change (%)          NA              NA          −32%                                        −37%                                       −39%                                                 NA                                      NA
  **China (Jiangsu)**                                                                                                                                                                                                                                                
  CLM                            Actual              2007--09        8472        0·11                                        0·15                                       0·1%                                                 3%                                      
  Elimination                    Budget (planned)    2010--14        16 601      0·21                                        0·28                                       0·2%                                                 12%                                     
                                 Change (%)          NA              NA          96%                                         91%                                        91%                                                  0·1%                                    9%
  Prevention of reintroduction   Modelled            2020--29        7593        0·09                                        0·12                                       NA                                                   NA                                      
                                 Change (%)          NA              NA          −10%                                        −18%                                       −18%                                                 NA                                      NA
  **Mauritius**                                                                                                                                                                                                                                                      
  CLM                            Modelled            1982            2470        2·19                                        2·19                                       NA                                                   NA                                      
  Elimination                    Actual              1983--88        4356        4·28                                        4·28                                       NA                                                   2%                                      
                                 Change (%)          NA              NA          76%                                         95%                                        95%                                                  NA                                      NA
  Prevention of reintroduction   Actual              1990--08        2771        2·42                                        2·42                                       2%                                                   1%                                      
                                 Change (%)          NA              NA          12%                                         10%                                        10%                                                  NA                                      −1%
  **Swaziland**                                                                                                                                                                                                                                                      
  CLM                            Actual              2004--08        987         0·87                                        4·51                                       1%                                                   32%                                     
  Elimination                    Budget (planned)    2009--13        2984        2·45                                        12·72                                      2%                                                   71%                                     
                                 Change (%)          NA              NA          202%                                        182%                                       182%                                                 1%                                      40%
  Prevention of reintroduction   Modelled            2020--29        2266        1·54                                        7·99                                       NA                                                   NA                                      
                                 Change (%)          NA              NA          130%                                        78%                                        77%                                                  NA                                      NA
  **Tanzania (Zanzibar)**                                                                                                                                                                                                                                            
  CLM                            Budget (planned)    2009            3908        3·01                                        3·01                                       17%                                                  98%                                     
  Elimination                    Budget (modelled)   2010--19        4911        3·90                                        3·90                                       22%                                                  NA                                      
                                 Change (%)          NA              NA          26%                                         30%                                        30%                                                  5%                                      NA
  Prevention of reintroduction   Modelled            2020--29        3899        2·01                                        2·01                                       NA                                                   NA                                      
                                 Change (%)          NA              NA          0%                                          −33%                                       −33%                                                 NA                                      NA

CLM=controlled low-endemic malaria. NA=not applicable.

###### 

Summary and relative cost allocation of programmatic interventions by phase and intervention category

                                                                                                                           **Prevention**   **Diagnosis**                                                                           **Surveillance**   **Management**                                                                                                                                                                                                                                                                                       
  ------------------------------ ----------------------------------------------------------------------------------------- ---------------- --------------------------------------------------------------------------------------- ------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------ ------------------------------------------------------------------------------------------------------ ------ ------
  **China (Hainan)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  CLM                            80% ITN coverage in high-risk areas; 80% LLIN coverage in remote areas                    0·06             Microscopy at all township hospitals; RDTs in remote areas                              0·02               60% coverage of passive internet reporting; active surveillance in high-endemic sites; IRS response to outbreaks                                                                0·02   266--528 management staff (0·03--0·06 per head at risk) at provincial, county, and township levels     0·05   
  Elimination                    100% LLIN coverage in high-risk areas                                                     0·18             Microscopy at all township hospitals with PCR validation; RDTs in remote areas          0·03               100% coverage of passive internet reporting; active case detection in all endemic sites; screening of febrile cases at borders lower threshold for IRS response to outbreaks    0·07   529--791 management staff (0·06--0·09 per head at risk) at provincial, county, and township levels     0·16   
                                 Change (%)                                                                                                 219%                                                                                                       66%                                                                                                                                                                                    240%                                                                                                          206%
  **China (Jiangsu)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  CLM                            Personal protection[\*](#tbl4fn1){ref-type="table-fn"}                                    0·00             Microscopy at 50% of township hospitals                                                 0·01               50% coverage of passive internet reporting; active surveillance in high-endemic sites; IRS response to outbreaks                                                                0·04   1573--3142 management staff (0·03--0·05 per head at risk) at provincial, county, and township levels   0·05   
  Elimination                    Personal protection[\*](#tbl4fn1){ref-type="table-fn"}                                    0·00             Microscopy at all township hospitals with PCR confirmation                              0·02               100% coverage of passive internet reporting; active case detection in all endemic sites; screening of febrile cases at borders; lower threshold for IRS response to outbreaks   0·10   3143--4712 management staff (0·05--0·08 per head at risk) at provincial, county, and township levels   0·11   
                                 Change (%)                                                                                                 NA                                                                                                         117%                                                                                                                                                                                   138%                                                                                                          130%
  **Mauritius**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  Elimination                    13% IRS coverage; island-wide larviciding                                                 2·58             All suspected cases confirmed with microscopy                                           0·10               ABER=7·8%, through border screening and case follow-up                                                                                                                          1·16   1032 unskilled labour and field staff; 306 skilled and managerial staff                                0·19   
  Prevention of reintroduction   \<1% IRS coverage; island-wide larviciding                                                1·05             All suspected cases confirmed with microscopy                                           0·09               ABER=3·4%, almost all through border screening                                                                                                                                  0·91   266 unskilled labour and field staff; 260 skilled and managerial staff                                 0·40   
                                 Change (%)                                                                                                 −57%                                                                                                       −5%                                                                                                                                                                                    −17%                                                                                                          117%
  **Swaziland**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
  CLM                            5% ITN; 30% IRS coverage                                                                  1·63             0% cases confirmed                                                                      0·37               Passive surveillance only                                                                                                                                                       0·36   Four central staff                                                                                     1·57   
  Elimination                    95% ITN; 95% IRS coverage                                                                 3·41             95% cases confirmed with RDT or microscopy                                              1·82               Active surveillance around new cases                                                                                                                                            3·02   12 central staff                                                                                       2·99   
                                 Change (%)                                                                                                 109%                                                                                                       395%                                                                                                                                                                                   733%                                                                                                          90%
  **Tanzania (Zanzibar)**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
  CLM                            100% LLIN coverage; 95% IRS coverage reduced to 10% after 2 years                         1·61             All suspected cases tested with RDTs or microscopy in public facilities                 0·39               Mobile technology reporting system in all public facilities                                                                                                                     0·53   19 core programme staff                                                                                0·28   
  Elimination                    100% LLIN coverage; 95% IRS coverage reduced to 25% after 2 years and 10% after 4 years   1·72             All fever cases tested with RDTs in public and private facilities with PCR validation   0·52               Reporting system extended to private sector; screening of households around all new cases                                                                                       0·90   85 core programme staff                                                                                0·54   
                                 Change (%)                                                                                                 6%                                                                                                         32%                                                                                                                                                                                    70%                                                                                                           95%

In 2008 US\$. CLM=controlled low-endemic malaria. ITN=insecticide-treated bednet. LLIN=longlasting insecticide-treated bednet. RDT=rapid diagnostic test. IRS=indoor residual spraying. NA=not applicable. ABER=annual blood examination rate.

includes measures such as untreated bednets and commercial insecticide sprays. For further information about intervention strategies and costs, see [webappendix p 30](#sec1){ref-type="sec"}.

###### Priorities for research on the economics of malaria elimination

**Costs**

•Determination of an optimum sustained control level and corresponding intervention strategies and costs to establish a consistent baseline•Marginal-cost curves for key elimination-related interventions, including vector control, surveillance, and border screening•Additional comprehensive actual expenditures of contemporary elimination programmes in differing eco-epidemiological settings•Additional actual expenditures on the prevention of reintroduction by countries with differing transmission potential and importation rates•Detailed estimates of the magnitude and timing of malaria-specific costs that are absorbed into the health system after elimination across different settings

**Benefits**

•Retrospective and prospective quantification of direct and indirect health benefits of elimination in different eco-epidemiological and socioeconomic settings•Marginal curves of key indirect benefits of malaria reduction, including educational attainment, agricultural productivity, and fertility to identify potential threshold benefits•Presence and magnitude of potential threshold benefits of achieving elimination, notably for tourism and foreign direct investment, in different settings•Equity of direct and indirect benefits of elimination compared with scale-up of control•Magnitude of the regional and international financial benefits of elimination from a specific country•Retrospective effect of malaria-elimination programmes on health systems and other disease programmes

**Financing**

•Further robust quantification of the health and economic benefits of sustaining financing for malaria at low levels of disease•Quantification and mapping of baseline transmission potential in all endemic countries to enable targeting of financing based on the risk of resurgence•Analysis of national, regional, and global instruments to mitigate the risk of financial volatility on elimination programmes
